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Abstract :

This paper presents the effects of a virtual mass on the stability boundary of a virtual spring in the haptic

system. A haptic system consists of a haptic device, a sampler, a virtual rigid body and zero-order-hold. The virtual
rigid body is modeled as a virtual spring and a virtual mass. According to the virtual mass and the sampling time, the
stability boundary of the virtual spring is analyzed through the simulation. As the virtual mass increases, the value of
the virtual spring to guarantee the stability gradually increases and then decreases after reaching the maximum value.
These simulation results show that the addition of the virtual mass enables to expand the stability boundary of the

virtual spring.
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Fig. 1 A virtual rigid body model with a virtual spring and
a virtual mass.
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Fig. 2 Block diagram of haptic system including a virtual
mass and a virtual spring.
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Fig. 3 An example of stable behavior where T=1 ms,
Mw=0.1 kg, Kw=1000 N/m, ZOH.
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A study on the stability boundary of a virtual spring model with a virtual mass

Table 1 Max. stiffness of a virtual spring (Kw) according
to a virtual mass when sampling time(Ts)=1 ms, Md=0.5
kg, Bd =1.0 Ns/m and ZOH.

Sampling time Mw Kw .
) (kg) (N/m) Ratio
0 2000 1.00
0.01 2125 1.06
0.02 2261 1.13
0.03 2408 1.20
0.04 2570 1.29
0.05 2748 1.37
0.06 2945 1.47
0.07 3163 1.58
0.08 3406 1.70
0.09 3681 1.84
0.001 0.1 3992 2.00
0.2 13658 6.83
0.3 477351 238.68
0.4 902392 451.20
0.5 1001335 500.67
0.6 934522 467.26
0.7 772725 386.36
0.8 551499 275.75
0.9 290629 145.31
1 1990 1.00
1.0006 1 -
1100
1000 ®

900 1 pe
800 4 \
700 ] \
600
5004 d \
400 ]
300 4
200 ]
1004
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Fig. 3 Max. available stiffness of the virtual spring (Kw)
according to the virtual mass, where Ts=1 ms, Md=0.5 kg,
Bd=1.0 Ns/m, data hold type=ZOH.
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Table 2 Max. stiffness of a virtual spring (Kw) according
to a virtual mass when sampling time(Ts)=5 ms, Md=0.5
kg, Bd =1.0 Ns/m and ZOH.

Table 3 Max. stiffness of a virtual spring (Kw) according
to a virtual mass when sampling time(Ts)=10 ms, Md=0.5
kg, Bd =1.0 Ns/m and ZOH.

Sampling time Mw Kw Ratio Sampling time Mw Kw Ratio
(sec) (kg) (N/m) (sec) (kg) (N/m)
0 400 1.00 0 200 1.00
0.01 425 1.06 0.01 212 1.06
0.02 452 1.13 0.02 226 1.13
0.03 481 1.20 0.03 240 1.20
0.04 513 1.28 0.04 256 1.28
0.05 548 1.37 0.05 273 1.37
0.06 587 1.47 0.06 292 1.46
0.07 630 1.58 0.07 313 1.57
0.08 678 1.70 0.08 337 1.69
0.09 731 1.83 0.09 363 1.82
0.005 0.1 792 1.98 0.01 0.1 392 1.96
0.2 2505 6.26 0.2 1147 5.74
0.3 20590 51.48 0.3 5535 27.68
0.4 36472 91.18 0.4 9232 46.16
0.5 40267 100.67 0.5 10134 50.67
0.6 37572 93.93 0.6 9453 47.27
0.7 31117 77.79 0.7 7845 39.23
0.8 22300 55.75 0.8 5651 28.26
0.9 11904 29.76 0.9 3064 15.32
1 400 1.00 1 193 0.97
1.003 1 - 1.006 1 -
50 12
—4—Ts=10 ms
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= i / \I = o A
£ i £ .
N \ £ % -
3 7] 3 \
4 4
N - 6
2 \ 2 A A
'S 20 N \ & \
2 n 44
= @
£ u £ a
S 10 4 \ > 24 \
| |
0 L. 0 -mm

00 01 02 03 04 05 06 07 08 09 10
Virtual Mass (kg)

Fig. 4 Max. available stiffness of the virtual spring (Kw)

according to the virtual mass, where Ts=5 ms, Md=0.5 kg,

Bd=1.0 Ns/m, data hold type=ZOH.
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Fig. 5 Max. available stiffness of the virtual spring (Kw)
according to the virtual mass, where Ts=10 ms, Md=0.5
kg, Bd=1.0 Ns/m, data hold type=ZOH.
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Table 4 Relative ratio of Max. virtual spring (Kw) to the max.
stable boundary of the virtual spring when the sampling time
is 10 ms, according to the sampling time and the virtual mass.

Kw (N/m)
Kw (N/m) Kw (N/m)
Mw (kg) - - @Ts=10ms
@Ts=1ms @Ts=5ms (reference)
0.0 10.00 2.00 1.00
0.01 10.02 2.00 1.00
0.02 10.00 2.00 1.00
0.03 10.03 2.00 1.00
0.04 10.04 2.00 1.00
0.05 10.07 2.01 1.00
0.06 10.09 2.01 1.00
0.07 10.11 2.01 1.00
0.08 10.11 2.01 1.00
0.09 10.14 2.01 1.00
0.1 10.18 2.02 1.00
0.2 11.91 2.18 1.00
0.3 86.24 3.72 1.00
0.4 97.75 3.95 1.00
0.5 98.81 397 1.00
0.6 98.86 3.97 1.00
0.7 98.50 397 1.00
0.8 97.59 3.95 1.00
0.9 94.85 3.89 1.00
1.0 10.31 2.07 1.00
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Fig. 6 Relative ratio of virtual spring (Kw) according to
the sampling time when the virtual mass (Mw) changes
from 0 to 0.1 kg.
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Fig. 7 Relative ratio of virtual spring (Kw) according to

the sampling time when the virtual mass (Mw) changes

from 0.1 to 1.0 kg.
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